Introduction
The η 1 -allylpalladium complexes so far reported in the literature have been identified in solution 1 by 1 H and 13 C NMR spectroscopy, and some of them have also been isolated and characterized in the solid state mainly by X-ray diffraction analysis. 1a,b,i,2 The configuration of the solid compounds depends on the nature of the other ligands in the molecule. + . 1e-g,2a,b,h In most cases, the complexes are fluxional in solution as they undergo a dynamic η 1 -η 3 -η 1 process, the η 3 -allylic species being formed by displacement of a monodentate ligand or of a tooth of the bidentate and tridentate ligands. The η 1 -allyl group was found to react with secondary amines at lower rates with respect to the η 3 -bound ligand. 1i,2j,3 From the regioselectivity of the nucleophilic attack it was inferred that both the S N 2 and S N 2′ mechanisms are operative. On the basis of theoretical calculation, however, it has been reported that the η 1 -allyl ligand is unreactive toward nucleophiles. 4 Actually, the η 1 -allyl ligand is susceptible to electrophilic attack by maleic anhydride 1c or by aldehydes and imines, the latter reactions being involved in catalytic processes. 1j,4a,5 Due to our interest in the chemistry and catalytic properties of palladium derivatives with iminophosphine ligands, 6 we have recently published a synthetic and structural work on the η 1 -allyl complexes [Pd(η 1 -CHR 1 -CHvCHR 2 )(P-N-O)] (R 1 = R 2 = H, Ph; R 1 = H, R 2 = Ph; P-N-O as the anion derived from deprotonation of the hydroxylic group of 2-(PPh 2 )C 6 H 4 -1-CHvNC 6 H 4 -2-OH).
2i As a continuation of our studies, we wish to report herein the preparation and structural characterization in solution and in the solid state of the complexes [Pd(η 1 -allyl)(P-N-P′)]-BF 4 and [Pd(η 2 -fumaronitrile)(P-N-P′)] (allyl = C 3 H 5 , 1,3-Ph 2 C 3 H 3 , 3-PhC 3 H 4 , 3,3-Me 2 C 3 H 3 ; P-N-P′ as the iminodiphosphine ligand 2-(PPh 2 )C 6 H 4 -1-CHvNC 6 H 4 -2-(PPh 2 )), where the diphenylphosphino groups have different substituents. The reactions of the η 1 -allyl complexes with diethylamine and piperidine have also been studied in order to get a better understanding of the factors governing the mechanism and regioselectivity of amination.
Results and discussion
Preparation and solution behavior of the η 1 -allyl complexes
The η 1 -allylpalladium complexes 1-4 can be prepared from the reaction of the iminodiphosphine ligand P-N-P′ with the η 3 -allyl dimers [Pd(μ-Cl) 
= H; R 1 = R 2 = Ph, R 3 = H; R 1 = R 3 = H, R 2 = Ph; R 1 = H, R 2 = R 3 = Me) (molar ratio P-N-P/Pd = 1 : 1) in the presence of sodium tetrafluoroborate as reported in Scheme 1.
The complexes 1-4 have been isolated in high yields and characterized by conductivity measurements, elemental analysis, IR, 1 H and 31 P NMR spectroscopy (see the Experimental section). The tridentate coordination of the ligand through the imino nitrogen and the phosphorus atoms is clearly indicated by the low-frequency shift of the ν(CvN) band (17-20 cm −1 ) relative to the free ligand [ν(CvN) = 1621 cm −1 ] in the IR spectra, and by the appearance of the 31 P signals as AB quartets in the range 26-34 ppm with 2 J(P-P) values of 312-362 Hz, which are typical of the non-equivalent 31 P nuclei in the trans position (Table 1) . 7 The PNP coordination is also confirmed by the X-ray structural analysis of complex 1 (see further).
Complexes 1 and 2 are fluxional in solution as they undergo a rapid (on the NMR time scale) η 1 -η 3 -η 1 exchange process which interconverts the four terminal allyl protons of 1 and the two terminal allyl protons of 2. As can be seen in the 1 H NMR spectra of 1 in CD 2 Cl 2 in the range 2-6 ppm ( Fig. 1) at 298 K, the terminal allyl protons appear as a broad band centered at 3.30 ppm and the central proton as a quintet at 5.45 ppm. At 213 K, the exchange rate is considerably reduced and four signals are observed for the η 1 -allyl group at chemical shifts that one would expect by comparison with η 1 -allyl palladium complexes reported in the literature.
1,2 In particular, the Pd-CH 2 resonance appears as a rather broad multiplet due to coupling with the two non-equivalent phosphorus atoms and with the central allyl proton. Actually, this band consists of two overlapping triplets resulting from one of the 3 J(P-H) coupling constants being equal to 3 J(H-H) ( Table 1 ). The dynamic behavior of complex 1 was further examined by 31 P NMR spectra at different temperatures ( Fig. 2) .
At 243 K, when the η 1 -allyl form predominates, a rather sharp AB quartet is observed. On raising the temperature in the range 260-300 K, the two singlets at lower field progressively broaden and then become again sharper at 308 K, and even more at higher temperatures, while the two singlets at higher field remain almost unchanged. This trend can be rationalized in terms of a temperature-dependent equilibrium between the η 1 -allyl complex and an η 3 -allyl intermediate, the latter being characterized by a 31 P AB quartet with the two high-field singlets almost coincident with those of the η 1 -allyl species and the two low-field singlets rather close to those of the η 1 -allyl species. It is interesting to note that under conditions of fast exchange (at temperatures higher than 338 K) a 2 J(P-P) coupling constant of 338 Hz is still detected which indicates that no Pd-P bond breaking occurs in the dynamic process and that a trans P-Pd-P structure is present in the η On raising the temperature to 290 K, the two signals coalesce into a single absorption at 5.4 ppm. From these data, a ΔG ≠ value of 53.8 kJ mol −1 can be estimated for the dynamic process. 8 On the basis of the above 1 H NMR data we propose the mechanism reported in Scheme 2 for the η 1 -η 3 -η 1 exchange process which interconverts the bonding site of the allyl ligand. The η 3 -intermediate is formulated as a five-coordinate species with the phosphine ligands in the axial position and with the imino nitrogen and the terminal allyl carbons on the equatorial plane. Such an intermediate, however, is never observed even when the temperature is lowered suggesting an equilibrium shift toward the η 1 bonding mode at low temperatures, which is the bonding mode found in the solid for complex 1 according to the X-ray structural data.
In contrast to the dynamic behavior of 1 and 2, complexes 3 and 4 exhibit sharp 1 H and 31 P NMR spectra at 298 K, which are typical of "frozen" η 1 -allyl species with the allyl group bound to the central metal through the unsubstituted terminal carbon atom. 2b,d,i In both cases, the Pd-CH 2 proton resonance shows a 3 J(H-H) coupling with the central allyl proton and two equal 3 J(P-H) couplings with the cis phosphorus atoms (Table 1 ). In addition, the 3 J(H-H) value of 15.6 Hz between the central and the terminal allyl protons is indicative of their trans position in the CHvCHPh unit of 3. In order to check the occurrence of equilibria of Scheme 2 also for these complexes with asymmetrically substituted allyl ligands, we have recorded the 1 H NMR spectra of 4 in DMSO-d 6 in the temperature range 298-390 K. On increasing the temperature above 350 K, the two sharp singlets at 1.10 and 0.80 ppm for the methyl protons of the allyl ligand progressively broaden. Even though the coalescence was not complete due to decomposition at higher temperature, the change in shape of the signals suggests a slow exchange of the methyl groups which can take place in the isomeric structure II of Scheme 2, when the allyl ligand is η 1 -bound to the metal through the more substituted carbon atom. An analogous interconversion of the methyl groups through η 1 -η 3 -η 1 rearrangement was earlier reported for the complex [Pd(η
2b On the basis of the above data, however, the equilibria of Scheme 2 for 4 (and presumably for 3) involve undetectable amounts of the η
-intermediate and of the isomer II.
With the results from the solution studies on complexes 3 and 4 in mind, we set up a DFT modelling study aiming to evaluate the relative energy contents of the corresponding unsymmetrical isomers I and II which are involved in the equilibria of Scheme 2.
First of all, the suitability of the model chemistry adopted (see the Experimental section) was checked by comparing the experimental X-ray structure of [Pd(η 1 -C 3 H 5 )(P-N-P′)] + (1) (see later) with the optimized one 1I. The overall shape of the latter is consistent with the corresponding experimental one, thus confirming the reliability of the model chemistry. In particular, the experimental 3D arrangement of the η 1 -bound allyl ligand and the palladium coordination sphere is properly reproduced in the corresponding optimized structure (1 vs. 1I in Table 2 ) as well as the relative orientation of the PPh 2 aromatic rings.
Importantly, although the Pd-donor atom bond distances are invariably slightly longer in comparison with the experimental values (Table 2) , the allyl anion is doubtlessly η 1 -coordinated. In addition, the angle between the allyl plane and the mean plane described by the palladium centre with its four donor atoms well compares with the experimental one (66.4 vs. 66.1(7)°).
As for the complexes 3 and 4, both isomers I (Fig. 3 ), corresponding to a Pd-CH 2 η 1 -coordination mode, are significantly more stable with respect to isomers II, the latter being +48.78 and +69.35 kJ mol −1 higher in energy, respectively, in agreement with the "frozen" η 1 -allyl species observed in the NMR spectra. This regioselectivity could be ascribed to obvious steric reasons (CH 2 vs. CHPh and CMe 2 ) and also to electronic factors, the terminal CH 2 carbon atom being more negatively charged with respect to the CHPh and CMe 2 allyl carbons in the corresponding unbound allyl anions (Table 3) , as estimated by the Mullikan and Merz-SinghKollman charge derivation scheme (implemented in the Gaussian package).
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Within each couple of isomers (3I and 3II, 4I and 4II), while the overall architecture of the complex is almost identical (data provided in the ESI †), in the I species the palladium-donor atom bond distances are always a little bit shorter than in the corresponding II ones. Finally, as expected, there are not significant differences in the palladium coordination sphere of the complexes 1I, 3I and 4I given that in all cases the metal is η 1 -bound to a CH 2 moiety (Table 2) .
In the asymmetric unit of [Pd(η 1 -C 3 H 5 )(P-N-P′)]BF 4 ·0.25Et 2 O there is one complex cation 1, one BF 4 − counterion and a quarter of a diethyl ether molecule. The palladium ion in the [Pd(η 1 -C 3 H 5 )(P-N-P′)] + complex is four-coordinated by two trans disposed phosphorus atoms, by the nitrogen atom of the tridentate ligand and by the η 1 -allyl group (Fig. 4) . The coordination geometry is close to square-planar with the maximum deviation from the mean plane defined by the four donor atoms and the palladium atom of 0.123(8) Å (N(1)). Table 4 lists selected bond distances and angles in the [Pd(η 1 -C 3 H 5 )(P-N-P′)] + cation. In order to compare the geometrical data observed in 1 with similar metal complexes, a literature survey was made. 13 complexes containing an η 1 -allylpalladium group were retrieved and of these just two 2b,h contain a PNP type ligand. More in general, only 4 metal complexes were found which feature a ligand having the same atomic sequence of the P-N-P′ ligand reported in the present work (i.e. P-C-C-N-C-C-C-P, -being any type of bond), and only one of them has palladium as the metal centre, 10a while all the four complexes contain the same P-N-P′-ligand used in this work. 7, 10 Bond distances and angles around the metal ion in 1 well compare with those already reported, 11 including the Pd-C(38) distance. In particular, as found in related compounds, the M-P(1) distance (where M is the coordinated metal atom and P(1) belongs to the five-membered chelate ring) is usually shorter than the M-P(2) one (where P(2) is part of the six-membered chelate ring); the P-M-N angle belonging to the six-membered ring is always larger than that of the five-membered one, and finally the N-M-X and P-M-P angles are slightly less than 180°. 10a The plane containing the allyl ligand forms an angle of 66.1(7)°with respect to the mean plane formed by the four donor atoms and the palladium centre. As for the five-and sixmembered chelate rings, the non-donor atoms in the sixmembered ring lie on the opposite side with respect to the non-donor atoms of the five-membered ring. Finally, the . The ellipsoid probability was set to 30%. The atom labelling scheme used in the discussion of the X-ray structure is analogous to that used in ref. 2i. conformations adopted by the two rings can be described as envelope (E 5 in the series N(1), C(18), C(13), P(1), Pd(1)) and twist boat (TB 2,5 in the series P(2), C(25), C (20) , C (19) , N(1), Pd(1)), for the five and six-membered rings, respectively. 12 The C(18)-N(1)-C(19)-C(20) fragment, which connects the two aromatic rings of the P-N-P′ ligand, lies on a plane and forms angles of 25.2(7) and 15.7(6)°with the C(13)-C(18) and C(20)-C(25) aromatic mean planes, respectively, while the two aromatic rings form with each other an angle of 40.9(3)°. The diphenylphosphino C(1)-C(6) and C(7)-C(12) aromatic ring mean planes form an angle of 66.3(3)°, while the other couple of phenyl rings (C(26)-C(31)/C(32)-C(37)) forms an angle of 76.0(3)°. Finally, the C(1)-C(6) and C(26)-C(31) rings are facing each other (they form an angle of 11.6(3)°) and the distance between their geometrical centroid (calculated using only the carbon atoms) is 8.41 Å. A C⋯H π interaction exists between the allyl group and the aromatic ring of one diphenylphosphino moiety: the distance of H(40a) from the centroid of the C(1)-C(6) ring (Ct, in the following) is 2.946(3) Å, while the angle C(40)-H(40a)⋯Ct is 140.7(7)°. Finally, in the crystal packing, due to the presence of π-π interactions between two symmetry related C(20)-C(25) aromatic rings (the symmetry operation is -x + 1, −y, −z + 1), dimers of the palladium complex are formed, the distance between the centroids of the rings being 3.88(1) Å. 13 
Allyl amination and characterization of [Pd(η 2 -fumaronitrile)-(P-N-P′)]
The complexes 1-4 react with secondary amines (diethylamine or piperidine) in the presence of fumaronitrile (fn) yielding the palladium(0) derivative 5 and allylamines 6a and/or 6b (Scheme 3).
We have followed the course of the reaction and analyzed the products by means of 1 H and 31 P NMR spectroscopy upon mixing the reactants in a molar ratio complex/R 2 NH/fn of 1 : 5 : 1.2 at 298 K. The formation of 5 can be easily detected by its characteristic δ( 31 P) signals (see further), while the formation of 6a and/or 6b is indicated by the typical proton resonances of the allyl group. The results are summarized in Table 5 .
From the completion times of the reactions with diethylamine it appears that complexes 1 and 2 react faster than 3 and 4. A high selectivity occurs in the reactions of 3 with both amines (yielding the regioisomer 6a) and of 4 with piperidine (yielding the regioisomer 6b). According to literature reports, the observed regioselectivity would imply a nucleophilic attack at the Pd-CHR 1 carbon atom (S N 2 mechanism) for 3 and at the terminal vCR 2 R 3 carbon atom (S N 2′ mechanism) for 4, respectively.
1i,2j,3 In order to get a better understanding of the differences in rate and regioselectivity, we have calculated the charge distribution on the allyl carbon atoms of complexes 1-4 ( Table 3) .
As one can see, in all cases the Pd-CHR 1 allyl carbon bears the highest negative charge which makes it more prone to an electrophilic attack rather than to a nucleophilic one. In fact, all the complexes undergo protonolysis of the Pd-CHR 1 bond by trace amounts of hydrochloric acid present in CDCl 3 yielding the cationic species [PdCl(P-N-P′)] + . 7 Thus, within the reliability of the data in Table 3 , amination through an S N 2 mechanism can hardly take place by considering also the large steric requirements of the Pd(P-N-P′) moiety. A partial negative charge is also present on the terminal allyl carbon vCR 2 R 3 of complexes 1-3, which renders unlikely a nucleophilic attack at this carbon atom through an S N 2′ mechanism. A partial positive charge, (8) however, is present on the terminal allyl carbon vCR 2 R 3 (R 2 = R 3 = Me) of 4, which accounts for the regioselectivity observed in its reaction with piperidine (S N 2′ mechanism). This finding parallels that reported by Åkermark for the reaction of dimethylamine with a mixture [PdCl(η 3 -CH 2 -CHvCMe 2 )] 2 /PPh 3 (1 : 4 molar ratio). 3 The higher reaction rates of the reactions of 1 and 2 with diethylamine (as compared to the corresponding reactions of 3) and the regioselectivity in the reactions of 3 are better interpreted in terms of a nucleophilic attack occurring at the η 3 -allyl intermediate of Scheme 2, which is present in higher concentration in the solutions of 1 and 2 at 298 K according to 1 H NMR data. In literature data, the amination of cationic η 3 -allylpalladium complexes (allyl = CH 2 -CHvCMe 2 or CH 2 -CHvCHPh) was found to involve the less substituted allyl terminus. 3, 14 The steric requirements of the entering amine play an important role in the rates and regioselectivity to such an extent that the reaction of 4 with the more sterically hindered diethylamine is extremely slow and yields both regioisomers 6a and 6b in a molar ratio of 9 : 1. In this case, the rate of attack at the terminalvCMe 2 carbon of the η 1 -allyl ligand (yielding 6b) is considerably depressed by steric repulsion of the substituents, and becomes comparable (or even lower) to the rate of attack at trace amounts of the η 3 -allyl intermediate (yielding 6a). The complex 5 has been isolated in high yield and characterized by elemental analysis, IR, 1 H and 31 P NMR spectroscopy (see the Experimental section). It appears to be an 18 electron palladium(0) derivative due to the tridentate coordination of the P-N-P′ ligand and the η 2 -bonding mode of the olefin. As a matter of fact, the 31 P resonances in CDCl 3 are detected as two doublets at 27.6 and 12.0 ppm, respectively, with a 2 J(P-P) coupling of 18.7 Hz (which rules out a trans-P-Pd-P structure) while the imino proton signal is observed at 8.21 ppm (0.78 ppm upfield relative to the free ligand). Correspondingly, in the IR spectrum the ν(CvN) vibration at 1581 cm −1 is markedly shifted to lower frequency as compared to the free ligand. The spectral change of the CHvN unit suggests extensive d → π* back donation upon N-coordination to the central metal. The presence of the coordinated olefin is further confirmed by the observation of a ν(CuN) band at 2204 cm −1 in the IR spectrum (cf. the corresponding vibration at 2244 cm −1 of the free fumaronitrile). The 1 H NMR spectrum in CD 2 Cl 2 at 298 K shows the presence of a broad singlet at 2.85 ppm for the protons of the η 2 -bound olefin and of a small singlet at 6.33 ppm for the protons of the free olefin with an integration ratio of 16 : 1. On cooling to 268 K, the proton signal of the coordinated olefin appears as two doublets of doublets of doublets centered at 2.94 ppm [ 3 J(H-H) = 3 J(P-H) = 9.0 Hz, 3 J(P-H) = 3.7 Hz] and 2.83 ppm [ 3 J(H-H) = 3 J(P-H) = 8.9 Hz, 3 J(P-H) = 2.9 Hz], respectively. The observed spectral change and the presence of non-equivalent olefin protons at low temperature may be accounted for by a dissociation-association equilibrium of the olefin which occupies a coordination site at a corner of a distorted tetrahedral structure as depicted in Fig. 5 .
Conclusion
In the cationic complexes 1-4, the iminodiphosphine 2-(PPh 2 )-C 6 H 4 -1-CHvNC 6 H 4 -2-(PPh 2 ) (P-N-P′) acts as a tridentate ligand as indicated by 1 H and 31 P NMR data in solution, and by the X-ray structural analysis of 1 in the solid. The solution behavior of 1 and 2 (η 1 -η 3 -η 1 process), as well as the amination data with secondary amines in the presence of fumaronitrile (difference in rate between 1 and 3, and regioselectivity for complex 3), are better rationalized on the basis of a pentacoordinate η 3 -intermediate with the phosphino groups in the axial position. In agreement with atomic charge calculation, the nucleophilic attack of piperidine occurs at the more substituted allyl carbon of the η 1 -CH 2 -CHvCMe 2 ligand of complex 4. In addition to allylamines, the amination reactions yield the palladium(0) derivative 5 containing the tridentate P-N-P′ ligand and the η 2 -bound fumaronitrile.
Experimental 1 H NMR spectra were recorded on Bruker AM400 or Bruker Avance 300 spectrometers operating at 400.13 and 300.13 MHz, respectively. 31 P{ 1 H} NMR spectra were recorded on a Bruker Avance 300 spectrometer operating at 121.49 MHz. Chemical shifts are reported in ppm downfield from SiMe 4 for 1 H and from H 3 PO 4 as an external standard for 31 P. The spectra were run at 25°C except when noted. IR spectra were recorded on a Perkin-Elmer Spectrum One FT-IR spectrometer. All the reactions were carried out under N 2 . The solvents and the d Molar ratio 6a/6b of 9 : 1. This ratio remains almost constant during the course of the slow reaction, which is not complete even after 4 days. commercially available chemicals, such as sodium tetrafluoroborate and fumaronitrile, were used without further purification. Diethylamine and piperidine were distilled over anhydrous K 2 CO 3 under N 2 . The iminodiphosphine P-N-P′ and the complexes [Pd(μ-Cl) 
X-ray crystallography
Intensity data for compound [Pd(η 1 -C 3 H 5 )(P-N-P′)]BF 4 · 0.25(Et 2 O) were collected on an Oxford Diffraction Excalibur diffractometer using Mo K α radiation (λ = 0.71073 Å). The diffractometer was equipped with a cryocooling device which has been used to set the temperature at 150 K. Data collection was performed with the program CrysAlis CCD. 17 Data reduction was carried out with the program CrysAlis RED. 18 The absorption correction was applied using the ABSPACK program. 19 The structure was solved by using the SIR-97 package 20 and subsequently refined on the F 2 values by the full-matrix leastsquares program SHELXL-97. 21 All the non-hydrogen atoms were refined anisotropically with the exception of those of the diethyl ether molecule, all the hydrogen atoms of the ligands were set in calculated positions and refined with an isotropic thermal parameter depending on the atom to which they are bound.
The diethyl ether non-hydrogen atoms were refined isotropically with an occupancy factor of 0.25, the hydrogen atoms of this molecule were not introduced in the refinement.
Geometrical calculations were performed by PARST97 22 and molecular plots were produced by the ORTEP3 program. 23 Crystallographic data and refinement parameters are reported in Table 6 .
Computational methods
The Gaussian 09 (revision B.01) 24 package was used. All the studied species were fully optimized by using the density functional theory (DFT) method by means of Becke's three-parameter hybrid method using the LYP correlation functional. 25 The effective core potential of Hay and Wadt 26 was used for the palladium atom. The 6-31G* basis set was used for the remaining atomic species. 27 The reliability of the found stationary points (minima on the potential energy surface) was assessed by evaluating the vibrational frequencies. Starting geometries for the modelled species (1I, 3I, 3II and 4I, 4II) were based on X-ray diffraction data about analogous species, where available. 
